ABSTRACT Utilization of timed virus acquisition access probes in studies of plum pox virus (PPV) transmission by aphids demonstrated that endemic species transmitted the virus readily from plum, Prunus domestica (L.) Batsch; peach, P. persica (L.); or dwarf flowering almond, P. glandulosa Thunberg., to peach seedlings. The green peach aphid, Myzus persicae (Sulzer), was shown to be the most efficient vector. Acquisition of virus by green peach aphids from infected peach leaves resulted in 18-28% infected peach seedlings, while aphids previously fed on infected leaves of plum transferred virus to 36% of peach seedlings. Although the spirea aphid, Aphis spiraecola (Patch), was a less efficient vector than M. persicae it is perhaps more important for the spread of PPV due to its greater abundance and occurrence earlier in the season when peach trees are thought to be more susceptible to infection. Virus transmission rates varied depending on the virus source and healthy test plant species. In contrast to many previous studies, aphid inoculation of the experimental host Nicotiana benthamiana Domin occurred at a low rate, never exceeding 4%. Acquisition of PPV by M. persicae from infected peach fruit was greatly reduced compared with acquisition from leaves. The results of this research indicate that the Ontario isolate of PPV-D is readily transmissible by aphids to peach and natural spread of the virus needs to be considered in future management or eradication programs.
Plum pox virus (PPV) is an economically important disease of Prunus (Rosaceae) stone fruits and ornamentals, including peach, P. persica (L.) Batsch; plum, P. domestica L.; and apricot, P. armeniaca L. (Stobbs et al. 2005) . PPV was first reported infecting plums in Bulgaria in 1915 and by 1984 had spread throughout most of Europe and to China in the east (Gildow and Moorman 2002 , Wang et al. 2006 , Teshale 2014 . PPV has been found more recently in several new world countries, including Chile in 1998 (Herrera 2013) , the United States in 1999 (Gildow et al. 2004) and Canada in 2000 (Thompson et al. 2001) . There are six commonly occurring strains or serotypes of PPV (D, M, EA, C, W, and Rec) that differ in pathogenicity, host range, and aphid transmissibility , Glasa et al. 2004 . In their review article, Jevremović and Paunović (2014) outline other more recently identified strains (W, T, and CR) that are limited in distribution and host range. As for most potyviruses, PPV mutates commonly (Glasa et al. 2004 ) and isolates within strains can differ significantly in biological characteristics, including ease of transmission (Wang et al. 2006) . PPV infecting peach and ornamental dwarf flowering almond, P. glandulosa Thunberg, in the Niagara region of southern Ontario was shown to be a member of the Dideron (D) strain based on partial sequence analysis of the viral genome (Rochon et al. 2003) . In contrast, peach trees throughout Europe are most often infected with the more severe Marcus (M) strain (Glasa et al. 2004 , Wang et al. 2006 , Teshale 2014 , Jevremović and Paunović 2014 .
Aphid transmission of potyviruses in a nonpersistent manner is dependent on a conserved asp-ala-gly (DAG) motif near the N terminus of the coat protein (Lopez-Moya et al. 1999) . Inability of aphids to transmit potyviruses usually results from changes to this gene sequence. The DAG motif required for aphid transmission is present in the sequenced isolates of PPV from Ontario (Rochon et al. 2003) , but other genetic factors also function to regulate virus transmission. As one example, four isolates of Recombinant (Rec) strain PPV containing the DAG motif were transmitted by aphids at vastly different rates (Glasa et al. 2004 ). Transmission of potyviruses by aphids also requires the involvement of a nonstructural helper component protein (HC) (Flasinski and Cassidy 1998) that is thought to mediate retention of virus on the aphid stylets (Pirone and Blanc 1996) . Variable rates of transmission of potyviruses by different aphid species possibly relates to variability of the HC region.
As mentioned earlier, most isolates of the D strain in Europe have limited ability to infect peach, a biological condition which appears to have been retained in the Rec strain (Glasa et al. 2004) . Moreno et al. (2007) were able to inoculate peach (cvs. GF305 and others) with a PPV-M isolate using the green peach aphid, Myzus persicae (Sulzer), as the vector, but no transmission occurred when they used an isolate of PPV-D. They further state that these findings are compatible with the observed epidemiology of PPV in Spain where PPV-D has not been observed to spread in peach orchards. These findings and the distribution of infected trees in Ontario peach orchards initially suggested that the widespread occurrence of the D strain might have resulted primarily from propagation of infected nursery material. Dallot et al. (1998) , however, reported on an atypical isolate of PPV-D found in parts of France that was readily transmitted by aphids between peach and able to induce epidemics. This unusual isolate was found to have several amino acid substitutions in the N-terminal region of the coat protein not found at that time in other D isolates and possibly accounting for the adaptation to peach. In Chile, the widespread occurrence of PPV-D and the documented spread of the disease in peach and nectarine orchards also indicates efficient aphid transmission of the D isolate between peach in that country (Herrera 2013) .
In order to better understand the epidemiology of PPV-D in southern Ontario and to help in the development of an effective eradication program it was deemed important to determine aphid transmission efficiencies for this peach-infecting isolate. The purpose of this study was to evaluate transmission rates for several species of aphids under controlled laboratory conditions using a timed acquisition feeding period to allow for comparisons with other viruses and isolates of PPV. Aphid species were chosen for inclusion in this study based on their previously demonstrated ability to transmit PPV or their abundance, particularly in early summer when peaches are thought to be most susceptible to infection (Wallis et al. 2005 ).
Materials and Methods
Plant Culture. Peach, var. 'Elberta', and plum, var. 'Italian prune', seedlings were grown from stratified seed in plastic pots (10 cm diameter) in a modified commercial soil mix prepared with three parts Sunshine Mix #4 (Sun Gro Horticulture Canada Ltd, Vancouver, BC) to one part composted soil. Plants were grown in greenhouse chambers at 20-24 C under fluorescent lights with a 16 h photoperiod, and fertilized with a dilute solution of 20:20:20 (N:P:K) ($100 ppm, Plant Products Co. Ltd, Brampton, ON) on alternating days. Nicotiana benthamiana Domin (Solanaceae) was grown from seed under the same conditions. The virusfree test plants were aphid-inoculated with PPV when they had reached a height of about 15 cm and had four or five fully expanded true leaves.
Aphid Culture. Aphids were maintained in vented, Plexiglass cages (50 by 50 by 33 cm wide) in growth rooms (20 C, 16 h photoperiod) on suitable host plants (Table 1 ) grown in the greenhouse under the conditions outlined earlier. Green peach aphid, M. persicae, pea aphid, Acyrthosiphon pisum (Harris), bird cherry-oat aphid, Rhopalosiphum padi (L.), and spirea aphid, Aphis spiraecola (Patch), were obtained from laboratory cultures maintained at the Pacific Agri-Food Research Centre, Agriculture and Agri-Food Canada, Summerland, BC, for use in previous virus transmission studies. Turnip aphid, Lipaphis psuedobrassicae (Kaltenbach); soybean aphid, Aphis glycines Matsumura; artichoke aphid, Capitophorous eleaegni (del Guercio); corn leaf aphid, Rhopalosiphum maidis (Fitch); and black peach aphid, Brachycaudus persicae (Passerini), were collected in the Niagara region, ON, from rutabaga, Brassica napobrassica (L.); soybean, Glycine max (L.) (Fabaceae); Canada thistle, Cirsium arvense (L.) (Asteraceae); sweet corn, Zea mays L. (Graminae); and peach, respectively. Aphids were sent to the Eastern Cereals and Oilseeds Research Centre, Agriculture and Agri-Food Canada, Ottawa, for species verification (R.G. F., unpublished data) and submission of voucher specimens to the Canadian National Insect Collection.
Aphid Transmission Studies. The Ontario isolate of PPV used in these studies was obtained originally from naturally infected dwarf flowering almond growing in a residential property in Niagara-on-the-Lake, ON, that were dug up and moved to the secure quarantine facility at the Southern Crop Protection and Food Research Centre, Agriculture and Agri-Food Canada, Vineland, ON. Based on sequence analysis this isolate of the Dideron ('D') strain of PPV is the same as that from infected peach trees that were growing nearby (Rochon et al. 2003) . The virus was maintained in peach, dwarf flowering almond, and plum by serial aphid (M. persicae) inoculations.
For the transmission trials, third and fourth instar nymphs and apterous adults were first placed in small self-sealing Petri dishes (5 cm diameter; Gelman Sciences, Ann Arbor, MI) containing moistened filter paper for a 2-3 h preacquisition starvation period. They were then moved to leaves of PPV-infected plants for a 5 min timed acquisition feed. Aphids were then transferred, 25 per N. benthamiana plant and 50 per peach and plum seedling, to virus-free recipient test plants that had previously been treated with the systemic aphicide pirimicarb (Pirliss 50DF, Zeneca Agro, Calgary, AB). Fine, moistened artist brushes (Taklon# 970) were used to transfer aphids. For studies involving acquisition of PPV from peach fruit, ripe peaches displaying symptoms of infection (Celetti et al. 2002) were harvested from infected trees and tested by ELISA to confirm high virus titres. Fruit was stored at 4 C for up to 4 wk prior to use. Plugs (17 mm diameter Â 10 mm) were removed from the fruit by means of a cork borer and placed skin side up into wells (17 mm diameter) of 24 well cell culture plates (Fisher Scientific Ltd., Ottawa, ON) into which M. persicae were enclosed for a 5 min virus acquisition feed, after which the aphids were transferred to clean peach seedlings (50/plant) or N. benthamiana (25/plant) as outlined earlier. In separate studies, fruit was first lightly scrubbed to remove the peach fuzz.
After inoculation, plants were sealed into 10 lb plastic bags (Kaumeyer Paper, Thorold, ON) and placed into lidded Rubbermaid 83 liter bins for 48 h to ensure that all aphids had died. Inoculated plants were then maintained in containment rooms at 18 C under 400 W metal halide and sodium vapour lights and a 16 h photoperiod. Plants were inspected for the presence of characteristic mottling and vein-clearing symptoms of PPV infection (Celetti et al. 2002) after 4 wk and leaf samples collected for ELISA testing at 4, 8, and 12 wk post-inoculation.
The timed virus acquisition technique used in this study and the need to transfer large numbers of aphids per plant allowed for only a small number of plants to be inoculated on any day. For this reason, tests with individual aphid species were conducted over several months; they would overlap with trials involving other species, and transfers using M. persicae were always included as a comparative internal control. M. persicae was also used concurrently in other trials conducted in the same manner, which helped ensure that virus infection rates for this species were sufficiently high (ca. 20-30%). Virus source material was also tested by ELISA prior to use and small numbers of noninoculated plants were included in the trials weekly as negative controls and to ensure that secondary spread did not occur within the containment rooms.
ELISA Analysis. The procedure followed the protocol of Clark and Adams (1977) with minor modifications. Rabbit antiPPV antibody (Ab) and rabbit antiPPV antibody conjugated to alkaline phosphatase (AP) in kit form (Plant Research International, Wageningen, Netherlands) was stored at 4 C. Microtitre plates (Immulon 4HBX, Thermo Electron Corp., Milford, MA) were coated with Ab diluted 1:1000 in coating buffer (1.6 g sodium carbonate; 2.93 g sodium bicarbonate; 0.2 g sodium azide/l, pH 9.6) and stored at 4 C until required. Prior to use, wells were emptied, and rinsed with phosphate buffered saline, pH 7.2 (PBS). Sample leaf tissue composited from four or five leaves per plant was cut into small pieces, and 0.5 g placed into Bioreba universal extraction bags (BioRebaAG, Reinach, Switzerland). Extraction buffer (3 ml) [20 g/l PVP-40 (Sigma-Aldrich, Oakville, ON); 0.5 ml/l Tween-20 in PBS, pH 7.4] was added to the sample bag and the entire contents macerated using a BioReba Homex grinder (Bioreba ag., Reinbach, Switzerland). After washing the ELISA plates with PBS, 200 ll of the sample was pipetted into two replicate wells of a 96 well ELISA plate. Plates were incubated overnight at 4 C, washed with PBS, then incubated at 37 C with 200 ll of AP diluted 1:1000 with conjugate buffer (20 g/l PVP-40, Sigma); 0.5 ml/l Tween-20; 2 g ovalbumin in PBS, pH 7.4, for 3-4 h. After washing with PBS, phosphatase substrate (0.5 g p-nitrophenyl phosphate in 0.2 g sodium azide; 97 ml diethanolamine/l distilled H2O, pH 9.8) was added and the absorbance read after 45-60 min at room temperature. The ELISA absorbance values were expressed as A 450 -A 620 (Multiskan Ascent, Thermo Electron Corp. Madison, WI) and values from replicate wells averaged before further analysis. ELISA readings were considered positive if the absorbance value was greater than three times that of the negative control wells. Two negative and two positive control wells were used per plate, with typical negative and positive control values of 0.08 and 2.0-2.5, respectively.
Statistical Analyses. Differences in infection rates between aphid species were determined by Contingency (Zar 1999) .
Results
Four of the nine aphid species included in this study were shown to transmit PPV to peach seedlings following a timed 5 min virus acquisition feed; infection rates ranged from 2% for C. eleaegni to 28% for M. persicae (Table 2) . Percent infection for A. spiraecola and A. glycines were 16 and 5%, respectively. Of these confirmed PPV vectors, only M. persicae regularly develops on peach; A. spiraecola uses peach as an occasional host. To our knowledge, this is the first record of PPV transmission by the artichoke aphid, C. eleaegni (Table 2) .
Compared with peach seedlings, aphids were largely unable to transmit PPV between N. benthamiana (data (Zar 1999) . not shown), likely due to the presence of sticky glandular hairs on the leaves (Patterson et al. 1974 ) that interfere with aphid feeding. Of the aphid species tested, only A. glycines successfully transferred PPV from infected to healthy N. benthamiana at an efficiency rate of 6% (3/53 plants infected). Attempts to transfer PPV from infected peach to N. benthamiana using M. persicae, which also develops on Nicotiana, did not result in any infections (0/28 plants, data not shown).
Efficiency of transmission of PPV by M. persicae was affected by the species of plant used as virus source and healthy test plant (Table 3) . Although the differences were not statistically significant, acquisition of virus from plum resulted in a 36% infection rate for peach, which was double the rate when infected peach (18%) or dwarf flowering almond (19%) were used as virus source. M. persicae was unable to infect peach seedlings when PPV was acquired from N. benthamiana. As for transmission to peach, more N. benthamiana became infected when M. persicae acquired virus from infected plum (4%) than peach (2.5%), but infection rates were low and differences not statistically significant. Contrary to the previous study, M. persicae was able to transmit PPV between N. benthamiana at a low rate of <3%, which was nearly the same as the rate of infection of N. benthamiana from peach (Table 3) .
Acquisition of PPV from infected fruit by M. persicae resulted in an infection rate of only 1.6% (Table 4) compared with nearly 28% when virus was acquired from leaves of infected peach seedlings (Table 2) . Removing the fuzz from the fruit doubled the rate of infection of peach seedlings to 3.3%, but this was still nearly ninefold lower than the rate when aphids acquired PPV from infected leaves (Tables 2 and 4) . No N. benthamiana became infected when M. persicae were allowed to feed for 5 min on intact, infected fruit (0/37) or fruit that had first been washed to remove the peach fuzz (0/40).
Discussion
More than 20 aphid species, including A. spiraecola and M. persicae, have been shown to transmit one or more strains of PPV (Levy et al. 2000) . Most of these vectors are transient species that do not colonize Prunus trees. The species most responsible for the spread of PPV within a geographical region is largely determined by their transmission efficiencies and seasonal abundance (Gildow et al. 2004 , Wallis et al. 2005 . The mealy plum aphid, Hyalopterus pruni (Geoffroy), and the damson-hop aphid, Phorodon humuli (Schrank), are thought to be important vectors of PPV in Eastern Europe (Wallis et al. 2005) . Based on trapping of migrant aphids in peach orchards, these species are uncommon in Pennsylvania (Wallis et al. 2005 ) and in Ontario, except for 2007 when H. pruni was the fourth most common species in Niagara (R.G.F., unpublished data). In western Europe, A. spiraecola and M. persicae are thought to be the primary vectors of the disease, and these two species along with the corn leaf aphid, R. maidis (Fitch), were the most consistently common species in Pennsylvania (Wallis et al. 2005) . In agreement with our findings, Gildow et al. (2004) demonstrated that A. spiraecola and M. persicae were efficient vectors of the Pennsylvania isolate of PPV-D, whereas R. maidis was not able to transmit the virus. Likely reflecting their feeding behavior and the experimental methodology, contrary to our findings B. persicae was previously shown to transmit PPV-D at an efficient rate roughly equal to that for M. persicae when caged aphids were provided unlimited virus access for 3 d (Gildow et al. 2004) . Aphid transmission of nonpersistent viruses using these longer-term cage experiments might better reflect secondary spread by species that colonize peach rather than primary spread by migrant aphids as was evaluated in our study using short virus acquisition feeding probes. A. spiraecola is possibly the most important vector of PPV in Ontario based on its greater abundance early in summer when peach trees are thought to be more susceptible to infection (Wallis et al. 2005) .
In a previous study by Labonne et al. (1995) utilizing the M or Marcus strain of PPV (termed PPV-BT and -V), (Zar 1999) . Infection frequency was low for N. benthamiana and no significant differences were determined between virus source species based on Contingency Table Analysis. Recipient test species were analyzed separately due to the use of different numbers of aphid vectors. Infections did not occur for N. benthamiana and were low for peach, resulting in no significant differences (P > 0.05) based on Contingency Table Analysis (Zar 1999). transfer of 100 aphids per N. benthamiana test plant following a timed 6 min virus acquisition feed on PPVinfected N. benthamiana resulted in a high rate of infection for M. persicae (58%) and a low rate (7%) for A. spiraecola. In our trials with the D strain, transmission of PPV between N. benthamiana by M. persicae, 25 per plant, resulted in a 2.7% infection rate (Table 3) . As for our tests, Labonne et al. (1995) showed that Ac. pisum and R. padi were unable to transmit PPV during timed feeding acquisition trials, but the latter species was shown to be a vector when large numbers of aphids (>1,000) were added to cages containing both infected and healthy garden pea, Pisum sativum L. var. 'Colmo', for 5 d. In agreement with our results, R. padi did not transmit PPV from peach to peach.
The rate of PPV transmission is known to depend on the interaction of the virus strain and isolate, aphid species, and host plant. Perhaps because we did not maintain PPV continuously in N. benthamiana by serial aphid inoculations, infection rates were low when this host was used as either the virus source or the healthy test plant (Table 3 ). In comparison, when 50 aphids per plant were used to inoculate peach from infected plum or peach the resulting rates of infection were 36 and 18%, respectively. In a previous study, utilization of an unrestricted aphid probing technique conducted over 3 d resulted in 86 and 83% infection rates for M. persicae and A. spiraecola, respectively, when garden pea (var. 'Colmo') was used as both the virus source and test plant species (Gildow et al. 2004) . Infection rates were lower, 63% for M. persicae and 31% for A. spiraecola, when aphids were added to cages containing both infected and healthy peach seedlings (var. GF-305') even though approximately twice as many aphids were used per cage. Maison and Massonie (1982) demonstrated that resistance of peach varieties to colonization by M. persicae reduced PPV infection rates significantly, most likely through interference with aphid feeding. For the susceptible peach variety GF-305 two to three times as many seedlings became infected with PPV when M. persicae was the vector compared with rates for the leafcurling plum aphid, Brachycaudus helichrysi (Kaltenbach). Although the rate of infection for the resistant peach variety dropped significantly for M. persicae, rates for B. helichrysi increased two-to three-fold.
Efficient transmission of PPV by M. persicae in our study suggests that the Ontario D isolate is dissimilar to most European D isolates that have limited ability to infect peach (Moreno et al. 2007 , Glasa et al. 2004 , Teshale 2014 . In certain areas of France, however, some PPV-D isolates do spread rapidly within peach orchards (Dallot et al. 1998) , which is also the situation throughout Chile (Herrera 2013, Jevremović and Paunović 2014) . Similar also to our findings, Gildow et al. (2004) working with PPV-D isolates from peach in Pennsylvania concluded that the virus was transmitted efficiently from infected peach trees to healthy peach seedlings by several endemic aphid species, which was consistent with the observed spread of PPV downwind and to adjacent orchards. Moreover, infection of peach trees with PPV-D in these regions resulted in very mild or no visual symptoms.
The natural rate of spread of PPV is low compared with other potyviruses infecting annual crops (Labonne et al. 1995) . Infection of rutabaga, B. napobrassicae (L.), with turnip mosaic virus (TuMV), for example, can reach 80-100% in certain areas in some years, resulting in significant loss of yield (Lowery et al. 1990 ). Utilization of the same timed acquisition technique as in the current study but with transfer of only four to nine M. persicae per rutabaga plant resulted in an average infection rate of TuMV of 53%. For PVY and sweet pepper, Capsicum annuum L., transfer of 10 M. persicae per plant following a timed 5 min acquisition access feed resulted in infection rates of 78-97% (Lowery et al. 1997) . Still, efficiency of transmission of PPV by M. persicae to peach from peach (18-28%) or plum (36%) is comparable with the rate of transmission of blueberry scorch carlavirus from infected to healthy highbush blueberry, Vaccinium corymbosum (Lowery et al. 2008) . In that study, transfer of 25 Ericaphis fimbriata Richards to healthy blueberry following a timed 5 min acquisition feed on infected blueberry resulted in a 20% infection rate, which is comparable with transmission rates from this study with PPV.
In a previous study involving unrestricted acquisition feeding by several species of aphids, M. persicae were able to infect 50% of healthy peach seedlings from infected peach fruit, compared with a 63% infection rate when virus was acquired from infected peach seedlings. Equivalent infection rates from our study using timed acquisition feeding periods were 1.6 and 28% (Table 4 ). The comparatively lower rate of transmission from fruit compared with leaves achieved in our study likely resulted from the restricted virus acquisition feeding times. Compared with acquisition of virus from leaves, it might have taken longer for M. persicae to settle and feed on fruit. Our results might better reflect, however, the behavior of migrant aphids that happen to land on ripe, infected peach fruit.
The results of this study have .shown that, similar to the findings of Gildow et al. (2004) in Pennsylvania, the Ontario isolate of PPV-D is transmitted efficiently by several species of aphids between peach. Although M. persicae was the most efficient vector in this study, the most important vector in Ontario is possibly A. spiraecola due to its greater abundance and occurrence earlier in the season. Detection of PPV in orchards previously free of infection, including those recently established from nursery material propagated in areas free of PPV, supports the notion that significant spread of PPV by aphid vectors is important in the epidemiology of this disease in the Niagara region of Ontario. their technical assistance. Statistical analyses were performed by ForHealth Consulting, Blind Bay, BC.
